Hsp90 is required for the normal activity of steroid receptors, and in steroid receptor complexes it is typically bound to one of the immunophilin-related cochaperones: the peptidylprolyl isomerases FKBP51, FKBP52 or CyP40, or the protein phosphatase PP5. The physiological roles of the immunophilins in regulating steroid receptor function have not been well de®ned, and so we examined in vivo the in¯uences of immunophilins on hormone-dependent gene activation in the Saccharomyces cerevisiae model for glucocorticoid receptor (GR) function. FKBP52 selectively potentiates hormone-dependent reporter gene activation by as much as 20-fold at limiting hormone concentrations, and this potentiation is readily blocked by co-expression of the closely related FKBP51. The mechanism for potentiation is an increase in GR hormone-binding af®nity that requires both the Hsp90-binding ability and the prolyl isomerase activity of FKBP52.
Introduction
Steroid receptors require continuous interactions with molecular chaperones to establish and maintain competence as ligand-dependent transcription factors (Pratt and Toft, 1997; Cheung and Smith, 2000) . Studies of the assembly of receptor±chaperone complexes in cell-free systems have revealed an ordered dynamic pathway involving the obligate participation of major chaperone components (Hsp40, Hsp70 and Hsp90) and various cochaperones. Native Hsp90±receptor complexes typically contain one of the Hsp90-bound immunophilins: the FK506-binding proteins FKBP52 and FKBP51, the cyclosporin A-binding protein cyclophilin 40 (CyP40) or the protein phosphatase PP5. A common feature of these co-chaperones is a tetratricopeptide repeat (TPR) domain, which forms the Hsp90-binding site, linked to another functional domain, a peptidylprolyl isomerase/drug-binding domain in the FKBPs and CyP40 or a protein phosphatase domain in PP5.
In cell-free assembly reactions, the immunophilins are not required for receptors to gain hormone-binding ability Kosano et al., 1998) , but immunophilins do in¯uence steroid response pathways. Receptor-associated FKBP52 (Czar et al., 1995; Galigniana et al., 2001 and references therein) and PP5 (Dean et al., 2001 ) may play a role in nuclear targeting of glucocorticoid receptor (GR). Overexpression and structural alterations of FKBP51 may largely account for the cortisol insensitivity observed in many New World primates (Reynolds et al., 1999; Scammell, 2000) . Additionally, human FKBP51 can lower GR hormone binding and transactivation (Denny et al., 2000) and is transcriptionally upregulated by glucocorticoids (Baughman et al., 1995) . Still, detailed analysis of the function of individual immunophilins in vertebrate cells is confounded by the co-expression of several immunophilins at relatively high levels, and so we sought an alternative model system.
Genetic approaches to analyzing the roles of chaperones in steroid hormone signaling have favored the genetically tractable yeast Saccharomyces cerevisiae. Although yeasts do not express steroid receptors, co-transformation of S.cerevisiae with cDNAs for a steroid receptor and a suitable hormone-responsive reporter is suf®cient to establish a biological response (Schena and Yamamoto, 1988) . Selected gene disruptions in S.cerevisiae have provided some of the best evidence for the physiological roles of Hsc82/Hsp90 (Picard et al., 1990a; Bohen and Yamamoto, 1993; Nathan and Lindquist, 1995) , Ydj1/ Hsp40 (Caplan et al., 1995; Kimura et al., 1995) and the co-chaperones Sti1/Hop (Chang et al., 1997) and Sba1/p23 (Freeman et al., 2000) in steroid hormone signaling. In another case, disruption of the gene for Cpr7, one of two CyP40 homologs in yeast, reduces glucocorticoid responses (Duina et al., 1996) . Saccharomyces cerevisiae also contains an ortholog for mammalian PP5 (PPT1/ YGR123C), but there have been no reported characterizations of the role of this gene in steroid signaling. Finally, whereas S.cerevisiae harbors several small FKBP proteins, it does not contain any of the large TPR-containing FKBPs that bind to Hsp90. Thus S.cerevisiae provides a null background for testing in vivo the function of FKBP52 and FKBP51 in steroid signaling.
Results

Saccharomyces cerevisiae reporter model
To assess the in vivo function of receptor-associated immunophilins, we constructed S.cerevisiae reporter The Hsp90-binding peptidylprolyl isomerase FKBP52 potentiates glucocorticoid signaling in vivo
The EMBO Journal Vol. 22 No. 5 pp. 1158±1167, 2003 strains that harbor expression plasmids for a vertebrate steroid receptor, one of the receptor-associated human immunophilins and a lacZ reporter plasmid ( Figure 1A ). Hormone signaling in S.cerevisiae has previously been measured by assaying the accumulation of the reporter gene product b-galactosidase at a ®xed time interval after hormone addition (ranging from 1 to 12 h). While the amount of b-galactosidase is strongly in¯uenced by the rate of synthesis, other factors, such as cell density, growth rate and stability, also in¯uence its levels. Taking advantage of a commercially available b-galactosidase assay that is rapid and sensitive, we modi®ed the typical assay to measure responses soon after hormone addition while accounting for cell growth.
Attention was focused on the GR reporter system since this has been the most thoroughly investigated steroid receptor system in yeast models. First, we established a dose±response curve for hormone-induced b-galactosidase activity (Figure 1B and C) . Replicate cultures were treated with a range of concentrations of deoxycorticosterone (DOC), a favored GR agonist in yeast models (Garabedian and Yamamoto, 1992; Kralli et al., 1995) . The optical density at 600 nm (OD 600 ) of the culture, a measure of yeast number and thus total protein, was monitored and aliquots were assayed for b-galactosidase activity. By Fig. 1 . Measurement of hormone-induced reporter activity. (A) Yeast strains were transformed with a hormone receptor expression plasmid, an immunophilin expression plasmid and a plasmid carrying a corresponding reporter gene. The receptor and immunophilin genes are transcribed from the strong constitutive glycerol phosphate dehydrogenase promoter. The reporter plasmid contains the lacZ gene transcribed from a truncated yeast cytochrome C1 promoter (P CYC1 ) downstream of receptor-speci®c hormone response elements (HRE). Receptor complexes, which contain yeast Hsp90 and other chaperones plus an immunophilin, are activated by hormone binding. The active receptor binds to HRE and recruits RNA polymerase complex (RNAP) to drive transcription from the reporter plasmid. (B) b-galactosidase was induced in the GR reporter strain by addition of deoxycorticosterone (H) at the concentrations indicated. b-galactosidase activities, measured in chemiluminescent relative light units (RLU), are plotted as a function of OD 600 . (C) To generate a DOC dose±response curve for the reporter gene expression rate, the slope (DRLU/DOD 600 ) was calculated for the linear portion of each induction curve in (B) and plotted relative to hormone concentration. plotting the b-galactosidase activity of each sample against its OD 600 , plots of b-galactosidase synthesis relative to total protein synthesis are generated ( Figure 1B) . After an initial 20±30 min lag, the rate of b-galactosidase expression, as re¯ected by the linear slope of each plot, remains constant for several hours. To generate a dose±response curve ( Figure 1C ), the calculated slope for each data set was plotted relative to DOC concentration. Since immunophilin in¯uences on hormone signaling are likely to be most physiologically relevant at a limiting concentration of hormone and 25 nM DOC is as near as practical to the physiological range of GR agonists while still being suf®cient for reliable data generation, 25 nM was selected as the hormone concentration used in most single-dose assays, but similar results were obtained in experiments using 50 or 100 nM concentrations of hormone.
Immunophilin in¯uence on hormone responses
To test whether the receptor-associated immunophilins in¯uence basal hormone signaling, we compared GR reporter strains transformed with an empty vector or with vectors individually expressing the human immunophilins FKBP51, FKBP52, PP5 or CyP40, or overexpressing CPR7, a yeast ortholog of CyP40 (Figure 2A ). Reporter activity increased~2-fold over basal levels with any of the immunophilins, but only FKBP52 conferred a markedly higher response to hormone. Since the limited enhancement of DOC response seen with FKBP51, which is most closely related to FKBP52, is typical of the other immunophilins, FKBP51 served as a control for FKBP52-speci®c effects. To determine whether the immunophilins differentially in¯uence the steady state level of GR protein, extracts from cells lacking GR or GRplus cells expressing FKBP52, FKBP51 or no added immunophilin were compared by western immunostain ( Figure 2B ). GR protein level was increased 2-to 3-fold in the presence of FKBP52, but an equal increase was observed with FKBP51. Perhaps elevation of GR protein could account for the modest increase in hormonal responses observed with each immunophilin (Figure 2A ), but this does not account for the greater potentiation observed with FKBP52.
Since FKBP51 has been shown to inhibit GR activity in mammalian systems, we anticipated that an attenuation of GR signaling might be observed in the yeast model, but this was not the case ( Figure 2A ). This unexpected ®nding suggested that the effect of FKBP51 observed in mammalian systems might be an indirect consequence of blocking FKBP52 potentiation. To test whether FKBP51 can block this potentiation, immunophilins were coexpressed in the GR reporter strain ( Figure 2C ). Coexpression of two FKBP52 plasmids did not signi®cantly increase potentiation observed with a single plasmid. However, co-expression of FKBP51 with FKBP52 ef®-ciently blocked potentiation. Since FKBP51 competes with FKBP52 for Hsp90 binding and incorporation into GR complexes, simple displacement of FKBP52 from GR complexes might account for the loss of potentiation. This possibility is discounted by the observation that PP5, which also competes for Hsp90 binding and assembly with receptor complexes, fails to block FKBP52-mediated potentiation. Western immunoassays were performed to show that the FKBP52 protein level in dual transformations is similar to the level obtained in yeast expressing FKBP52 alone ( Figure 2D ). Therefore it appears that FKBP51 functions in a speci®c and ef®cient manner to counteract the effects of FKBP52 on GR signaling.
FKBP52 and GR hormone binding
To gain a better understanding of how FKBP52 enhances GR signaling, reporter gene expression was measured over a broad range of DOC concentrations to generate full hormone response curves for the FKBP strains and the vector control strain ( Figure 3A ). In the presence of FKBP52, there is a distinct shift in the hormone response curve with a DOC EC 50 of~70 nM, 3-fold less than the FKBP51 strain. In this respect, FKBP52 appears to mimic the effect of a GR mutation GR-F620S, a serine substitution for phenylalanine at position 620, which was identi®ed in yeast genetic screens for elevated hormone responsiveness (Garabedian and Yamamoto, 1992) . To determine whether FKBP52 also potentiates GR-F620S, similar hormone response curves were generated for cells expressing this receptor ( Figure 3B ). As with wild-type GR, the GR-F620S response was further shifted in the presence of FKBP52 (EC 50 » 15 nM), suggesting that the mechanism for enhanced basal hormone binding in GR-F620S is distinct from the mechanism for FKBP52-dependent potentiation.
The left shift in the DOC dose±response curve stimulated by FKBP52 is consistent with an increase in GR hormone-binding af®nity. To test this more directly, radiolabeled hormone-binding assays were performed on intact cells. To minimize the technical challenges others have encountered with GR-binding measurements in yeast, mutant GR-F620S was used since it has a higher af®nity for hormone and also responds to FKBP52 in a similar manner to wild-type GR. Generating full-saturation binding curves was still not practical, and so we compared the levels of bound hormone at 25 nM, 250 nM and 2.5 mM [ 3 H]corticosterone. At the lowest concentration, corticosterone binding was 5-fold greater in the presence of FKBP52 (21 T 2 fmol/OD unit cells) compared with FKBP51 (4 T 1 fmol/OD unit). At the highest concentration, the difference was reduced to <1.5-fold (549 T 110 versus 388 T 43 fmol/OD unit), indicating that binding in both strains approached a similar saturation level. This hormone-binding pattern is fully consistent with an FKBP52-dependent increase in GR hormonebinding af®nity, as opposed to an increase in receptor number. As seen with wild-type GR ( Figure 2B ), western analysis con®rmed that the steady state levels of GR-F620S protein were identical in the two FKBP strains (data not shown). We conclude that FKBP52 stimulates an increase in GR hormone-binding af®nity to account, at least in part, for the potentiation of reporter activity.
Selectivity of FKBP52 for GR
Each of the receptor-associated immunophilins can assemble with any of the ®ve steroid receptors, although there are clear preferences for particular immunophilins in different receptor complexes (Barent et al., 1998) . To determine whether FKBP52 enhances all steroid receptors, FKBP52 was tested in yeast reporter strains expressing GR, estrogen receptor (ER) or chimeric receptors (Figure 4 ). In contrast with GR reporter cells, no potentiation of ER activity was observed in yeast expressing FKBP52. Similarly, FKBP52 did not enhance reporter gene activity stimulated by androgen or progesterone receptor (data not shown). Based on the different results with GR and ER, we took advantage of chimeric receptors in which ligand-binding domains (LBDs) were exchanged between these receptors (Bunone et al., 1996) to examine whether FKBP52 potentiation maps to the GR LBD or to the GR DNA-binding domain (DBD) and upstream sequences (Figure 4) . Clearly, potentiation is speci®c for the GR LBD, as is consistent with our observation that FKBP52 elevates GR hormone-binding af®nity.
In addition, we tested for FKBP effects on hormoneindependent reporter activity by co-expressing FKBP52 or FKBP51 with GR-N525, a GR truncation mutant lacking an LBD that constitutively transactivates the GRE-regulated reporter (Picard et al., 1990a) . Neither FKBP affected the constitutive level of b-galactosidase activity mediated by GR-N525 (results not shown). These observations highlight the role of the LBD in FKBP52-mediated potentiation and minimize the likelihood that FKBP52 acts additionally on the DBD or at the level of general transcriptional enhancement.
Mechanism of FKBP52 action
To assist in the design of FKBP52 mutants for functional mapping, the crystal structure of FKBP51 (Sinars et al., 2002) was used as a guide ( Figure 5A ). FKBP51 contains three major structural domains: two FKBP12-like domains, termed FK1 and FK2, plus a typical Hsp90-binding TPR domain. Peptidylprolyl isomerase (PPIase) activity and FK506 binding are restricted to FK1 (Sinars et al., 2002) . The domain organization of FKBP52 is likely to resemble FKBP51 since they share~75% sequence similarity.
Does the increase in GR hormone-binding af®nity require FKBP52 binding to Hsp90? As discovered by Chinkers and colleagues (Russell et al., 1999) , a K354A point mutation in the TPR domain of FKBP52 (see Figure 5A for the equivalent position in FKBP51) abrogates binding to Hsp90 ( Figure 5B ). When FKBP52-K354A is substituted for wild-type FKBP52 in GR reporter cells, potentiation is virtually abolished ( Figure 5C ). This observation is consistent with previous evidence that the receptor-associated immunophilins primarily enter receptor complexes indirectly through interactions with Hsp90 (Renoir et al., 1990; Pratt and Toft, 1997) .
Is the TPR domain suf®cient for potentiation of GR activity? To address this question and extend the functional mapping of FKBP52, a series of FKBP52 domain truncation mutants ( Figure 6A ) were tested. All the domain truncations completely lacked the potentiation activity observed with full-length FKBP52 ( Figure 6B ). This indicates that the TPR alone is not suf®cient and suggests an additional requirement for other domains. To test this possibility further, we took advantage of the structural similarity between FKBP52 and FKBP51, which lacks potentiation activity, to generate chimeric constructs in which the FK1 domain was exchanged ( Figure 6A ). Substituting FKBP51-FK1 for FKBP52-FK1 largely abrogated potentiation ( Figure 6C , chimera 2), whereas the converse substitution on FKBP51 (chimera 1) caused a gain in potentiation that approximates half the activity seen with FKBP52. Western immunostains for each FKBP were performed to verify that wild-type and chimeric proteins are expressed at similar levels. The steady-state level of chimera 1, which is more active in potentiation of GR signaling than FKBP51 or chimera 2, is~30% lower than FKBP51; if anything, this suggests that the ability of chimera 1 to enhance GR responses may be underestimated. Chimera 2 levels are similar to FKBP52 and so loss of potentiation does not correspond to reduced protein.
In another experiment, the N-terminal 30 amino acids preceding FK1 were exchanged with no effect on potentiation (results not shown). These observations demonstrate that the FK1 domain of FKBP52 is required for potentiation of GR signaling.
Pratt and colleagues have reported that the FK1 region of FKBP52 binds to dynein and have proposed that, through the mutual interaction of FKBP52 with dynein and receptor-bound Hsp90, FKBP52 assists in transporting GR from the cytoplasm to the nucleus (Pratt et al., 1999) . Saccharomyces cerevisiae contains a single gene for dynein (DYN1), and cells containing a dyn1 null allele are viable (Eshel et al., 1993; Saunders et al., 1995) . To test whether DYN1 contributes to FKBP52-dependent potentiation, GR reporter strains were constructed in the dyn1 null background and compared with reporter strains in the wild-type background ( Figure 7A ). FKBP52-dependent potentiation was unaffected by the absence of dynein.
Since PPIase activity resides in FK1, its potential role was examined both pharmacologically and genetically. The immunosuppressive drug FK506 binds FK1 and ef®ciently blocks the PPIase activity of FKBP52 (Peattie et al., 1992) . Addition of FK506 to cells prior to hormone addition completely blocked FKBP52-mediated enhancement of reporter expression ( Figure 7B ). However, apart from inhibition of PPIase activity, FK506 could, conceivably, sterically interfere with FK1 interactions or alter the conformation of FK1 and disrupt interactions that occur away from the PPIase active site. As an alternative approach, we tested the FKBP52 mutant FD67DV, which has substitutions in two residues that are highly conserved in the FKBP family and are critical for PPIase activity in FKBP12 (DeCenzo et al., 1996) and FKBP51 (Barent et al., 1998) . Similar to FK506, the FD67DV double-point mutant was found to abrogate potentiation ( Figure 7C ). Since some mutations to FKBP12 have been shown to make it more susceptible to proteolysis in vitro (Dolinski et al., 1997), we were concerned that FKBP52-FD67DV may not accumulate to appreciable levels in yeast. However, western immunostains ( Figure 7C , inset) revealed that mutant and wild-type proteins, when normalized to the L3 level in each cellular extract, were similar. We conclude that the PPIase activity of FKBP52 is required for the elevation of GR hormone-binding af®nity and potentiation of hormonal signaling.
Discussion
Previous studies have established that the cellular chaperone and transcriptional machineries of S.cerevisiae are competent to support hormone-dependent activation of a vertebrate GR reporter system. GR requires Hsp90, Hsp70 and other chaperone components to establish basal hormone-binding ability (reviewed in Pratt and Toft, 1997) , and yeast chaperone orthologs can ful®ll this basic requirement (Picard et al., 1990a; Kimura et al., 1995; Chang et al., 1997) . However, we show here that human FKBP52, which is a native component of GR complexes in vertebrates and has no ortholog in S.cerevisiae, can Reporter expression rates were measured in separate GR reporter strains containing empty vector or expressing the indicated immunophilin product. Expression data are the average (n = 4 T SD) of duplicate assays from two independent isolates. Expression levels for FKBP52 and truncation mutants were compared by western immunostaining. Owing to the loss of individual epitopes in truncation mutants, two anti-FKBP52 antibodies (Hi52b and Hi52d) were used along with an L3 probe as loading control. (C) Reporter expression rates were similarly determined in GR reporter strains expressing wild-type proteins or full-length chimeras containing the FK1 domain from FKBP52 (chimera 1) or FKBP51 (chimera 2). Expression of each form was veri®ed by western immunostaining with anti-FKBP51 antibodies FF1 or Hi51b and anti-FKBP52 Hi52c. Note that FF1, which has an epitope in FK1 of FKBP51, detects wild-type FKBP51 and chimera 2, Hi51b, whose epitope is in the C-terminal region of FKBP51, detects FKBP51 and chimera 1, and Hi52c, with an epitope in FK1 of FKBP52 detects wildtype FKBP52 and chimera 2. Immunostaining of L3 (asterisk) provided an internal loading reference for each sample.
signi®cantly boost GR activity in yeast. At limiting hormone concentrations and soon after hormone exposure, conditions that are physiologically germane, reporter readout is elevated 10-fold or greater in the presence of FKBP52 as compared with yeast lacking FKBP52 (Figure 2A ). This effect is speci®c for FKBP52, since FKBP51, a closely related protein, and other introduced immunophilins boost signaling to a minimal extent. However, FKBP51, but not PP5, can ef®ciently block FKBP52-mediated potentiation ( Figure 2C ). Hormone response curves (Figure 3 ) and radiolabeled hormonebinding assays indicate that FKBP52 raises GR hormonebinding af®nity; consistent with this mechanism of action, the FKBP52 effect localizes to the GR LBD (Figure 4) . FKBP52 is selective for GR, as we do not observe a similar enhancement of signaling with ER (Figure 4) or other steroid receptors. Finally, potentiation of GR signaling requires Hsp90 binding ( Figure 5 ) plus the active PPIase domain of FKBP52 (Figures 6 and 7) . As discussed below, the novel function of FKBP52 in GR activity shines new light on the intersection of steroid signaling and molecular chaperone pathways.
Modulation of steroid receptor activity
Steroid signaling is physiologically regulated at many levels, from hormone metabolism to expression and modi®cation of transcriptional co-regulatory proteins that bind receptors. Few instances of regulation at the level of receptor hormone-binding af®nity have been described, yet small differences in hormone-binding af®nity are physiologically meaningful. For example, mutations in steroid receptors that shift hormone-binding af®nity over a narrow range can have signi®cant clinical rami®cations, such as cortisol resistance and resulting sequelae in patients with mutant GR (Lamberts, 2001) . Interestingly, the apparent cortisol resistance that is typical of New World primates (Brandon et al., 1989) can be largely attributed to constitutive overexpression of FKBP51 rather than a receptor mutation (Reynolds et al., 1999; Scammell et al., 2001) . Human GR has been shown to have a lowered af®nity for hormone when associated with FKBP51 (Reynolds et al., 1999; Denny et al., 2000) , and the human FKBP51 gene is highly inducible by glucocorticoids (Baughman et al., 1991; Yoshida et al., 2002) . These observations have suggested a feedback model in which cellular responsiveness to glucocorticoids can be downmodulated by hormone-induced expression of FKBP51 (Cheung and Smith, 2000; Scammell, 2000) . Our results here show that FKBP51 does not inhibit GR function in yeast that lack FKBP52, although FKBP51 can ef®ciently block the potentiation attributable to FKBP52. Since FKBP52 acts through intrinsic PPIase activity and Hsp90 to elevate GR hormone-binding af®nity, it appears that FKBP51 is somehow able to counter this increase and return GR to a basal hormone-binding af®nity.
How FKBP51 lowers GR hormone-binding af®nity while FKBP52 raises af®nity is unresolved. FKBP52 and FKBP51 share >70% amino acid sequence similarity and comparable PPIase activity toward a model peptide substrate (Pirkl and Buchner, 2001 ). However, the respective FK1 domains differentially affect GR activity ( Figure 6C) . A mutagenic study with two small FKBP family members demonstrated that amino acids (A) Reporter expression in cells containing empty vector, FKBP51 or FKBP52 in a wild-type DYN1 or dyn1-null background in response to 50 nM DOC. All data are the average (n = 4 T SD) of duplicate assays from two independent isolates. (B) Cultures of GR reporter cells expressing the indicated immunophilin were treated with FK506 (10 mg/ml) for 30 min before addition of DOC (50 nM) and measurement of reporter activity (A and B normalized to the level of expression in vector-only cells). (C) Expression rates in GR reporter cells containing empty vector, FKBP51, FKBP52 or the PPIase-de®cient mutant FKBP52-FD67DV. All data are the average (n = 4 T SD) of duplicate assays from two independent isolates. The inset shows a western immunostain for FKBP52 or L3 which compares FKBP52 expression levels in the wild-type and mutant strains.
surrounding the PPIase pocket can in¯uence speci®city for protein substrates (Xin et al., 1999) , and by analogy FKBP52 and FKBP51 differ at several amino acid sites that are positioned around the PPIase pocket. In a working model (Figure 8 ), we propose that FKBP52 and FKBP51 interact with one or more sites in the GR LBD, alternately favoring distinct conformations with higher or lower af®nity, respectively, for hormone. By understanding these mechanisms and taking advantage of the FKBPs as targets for FK506 and related drugs, there is the prospect of novel pharmacological approaches to therapeutic intervention in glucocorticoid-mediated processes.
Co-operative chaperone activities
Some of the Hsp90 co-chaperones have an Hsp90-independent ability to prevent aggregation of misfolded model protein substrates (Bose et al., 1996; Freeman et al., 1996; Pirkl and Buchner, 2001 ), but many actions occur through Hsp90. The Hsp90 co-chaperones have been shown to play roles in regulating Hsp90 binding to client proteins (Johnson and Toft, 1995; , regulating Hsp90 ATPase activity (Prodromou et al., 1999; McLaughlin et al., 2002) , recruiting Hsp90 to Hsp70 client complexes (Chen and Smith, 1998) or docking Hsp90 client protein complexes to the cytoskeleton (Czar et al., 1995; Pratt et al., 1999) . The Hsp90-binding immunophilins each have an enzymatic domain, either a PPIase or protein phosphatase domain, so one would expect that these enzymatic activities could in¯uence Hsp90 or client protein function, but there have been surprisingly few demonstrations of this. Sharing some similarities with our ®nding that FKBP52 PPIase can alter GR function, FKBP52 has also been found (Mamane et al., 2000) to alter transcriptional transactivation activity of interferon regulatory factor-4 (IRF-4). Change in IRF-4 function required the PPIase activity of FKBP52, but the IRF-4 example differs from GR in that FKBP52 binds directly to IRF-4 in a manner independent of Hsp90 and other chaperones. With GR complexes, FKBP52 is one of several components in the chaperone machinery whose interactions must be closely co-ordinated to permit FKBP52 to elicit its effect. Despite the similar assembly of FKBP52 into all steroid receptor complexes, the activity we observe is speci®c for GR. Another Hsp90-binding FKBP family member, XAP2/AIP, speci®cally in¯uences aryl hydrocarbon receptor function (Ma and Whitlock, 1997; Meyer et al., 1998) , but XAP2 activity is PPIase independent and this immunophilin has not been observed in steroid receptor complexes. The selective action of FKBP52 toward GR supports a dynamic sampling model (Nair et al., 1997) in which Hsp90 presents various cochaperone activities to a client protein, effectively allowing the client to pick and choose from these activities in a client-speci®c manner. It follows from the sampling model that the mere presence of a co-chaperone in a particular client complex does not necessarily imply function. Conversely, sampling provides an ef®cient mechanism by which a broad range of Hsp90 client proteins can be accommodated, insuring that each client will have the opportunity for productive interactions from a spectrum of co-chaperone activities.
Materials and methods
Yeast methods and strains
The parent of all strains, except for dynein studies, was W303a (MATa leu2-112 ura3-1 trp1-1 his3-11,15 ade2-1 can1-100 GAL SUC2). For dynein studies, the strain BY4742-YKR054C (dyn1D::kanMX4) and its DYN1 parent BY4742 were obtained from the American Type Culture Collection (Manassas, VA). Plasmids were introduced into yeast using the lithium acetate±polyethylene glycol protocol. At least two to four independent transformants of each strain construction were analyzed. Strains were propagated in minimal media consisting of 0.67% (w/v) yeast nitrogen base without amino acids, 2% (w/v) glucose, the appropriate SC supplement mixture (Q-biogene, Carlsbad, CA) and 1.6% (w/v) agar for plates. GR was detected with the mouse monoclonal antibody MA1-510 (Af®nity Bioreagents, Golden, CO), and yeast ribosomal protein L3 (as a loading control) was detected with a mouse monoclonal antibody (Vilardell and Warner, 1997) . The strains used for the in vivo hormone-binding measurements contained the GR-F620S receptor and either FKBP51 or FKBP52. Cultures were grown at room temperature in selective medium to an OD 600 of~1, and then harvested and resuspended in selective medium supplemented with 25 mM b-mercaptoethanol. Eight aliquots were tested for each hormone concentration: four contained labeled hormone to determine total disintegrations per minute (dpm) bound, and four contained labeled hormone and a 400-fold excess of unlabeled hormone to determine the dpm of non-speci®cally bound hormone. Each aliquot contained [ 3 H]corticosterone (79.0 Ci/mmol; Amersham, Piscataway, NJ), unlabeled hormone and 6 OD 600 units of cells (1 OD unit is equivalent to 1 ml of culture having OD 600 = 1) in 0.7 ml ®nal volume. The cells were incubated at room temperature for 3 h, harvested and washed three times in room temperature phosphate-buffered saline (PBS) containing 25 mM b-mercaptoethanol. The washed cell pellet was resuspended in 1 ml PBS and the bound hormone determined by liquid scintillation counting. The OD 600 of the labeled cell suspension was determined in order to normalize the bound hormone measurement to dpm/OD unit.
Plasmids GR was expressed from pG/N795 (Schena and Yamamoto, 1988) and ER from pG/ER(G) (Liu and Picard, 1998) . For immunophilin competition Fig. 8 . Model for FKBP-mediated changes in GR hormone-binding af®nity. FKBP52 or FKBP51 assemble with GR complexes through an interaction with Hsp90. The three major FKBP domains (FK1, FK2 and TPR) are indicated, as are the major domains of GR (N-terminal domain, DBD and LBD). Hsp90 is a multidomain protein that normally functions as a dimer but, for simplicity, is illustrated as a single entity. When FKBP52 is present in the GR complex, the active PPIase domain (FK1) of FKBP52 interacts with the LBD of GR, stimulating a conformational change and increase in hormone-binding af®nity. Conversely, FKBP51 in the GR complex favors an alternative lower-af®nity LBD conformation. The distinction between FKBP52 and FKBP51 is perhaps not in PPIase activity per se, but in the speci®city of each for sequences within the LBD. experiments, GR was cloned into p415GPD [this and other GPD series vectors (Mumberg et al., 1995) were obtained from the American Type Culture Collection]. The ER/GR chimeric receptors (Bunone et al., 1996) and the GR-F620S receptor (Garabedian and Yamamoto, 1992) were subcloned into the vector p424GPD. The reporter plasmids for GR and ER were pUCDSS-26X (Louvion et al., 1996) and pUCDSS-ERE (Picard et al., 1990b) , respectively. Plasmids expressing the immunophilins or PP5 were generated in p423GPD by subcloning PCR-generated products containing the following cDNA with the indicated restriction sites: FKBP51, FKBP52, FKBP52±K354A and CyP40, EcoRI±SalI; CPR7, EcoRI±ClaI; and PP5, EcoRI±XhoI.
The FKBP52 truncation mutant TPR 52 was created by making a F252M mutation and removing all upstream coding sequences. Likewise, a K138M substitution was used to generate the (FK2+TPR) 52 construct. (FK1+FK2) 52 was made by introducing a stop codon at position 257. The FKBP51±52 chimeras were constructed by PCR ampli®cation of the two complementary FKBP51 and FKBP52 gene fragments from the yeast expression plasmids. Each product had~40 nucleotides of vector sequence at one end and a primer-encoded SapI site at the other end. The two PCR products were cut with SapI and ligated, and the chimeric gene was gel puri®ed. The resulting chimeras, which contain vector sequences at each end, were co-transformed with a linearized expression vector into the GR signaling strain. Yeast colony PCR, western blotting and DNA sequencing veri®ed gap-repair of the vector. Western analysis con®rmed that these mutated FKBPs were as abundant as the wild-type FKBPs in the GR tester strains.
The binding of FKBP52 or FKBP52-K354A to Hsp90 was analyzed as follows. Anti-Hsp90 monoclonal antibody H90-10 (10 mg) was incubated with protein G±Sepharose (10 ml pellet) for 30 min at room temperature with rocking in 1 ml of binding buffer (20 mM Tris±HCl pH 7.4, 50 mM NaCl, 0.5% (v/v) Tween-20). The unbound antibody was removed from the resin with three washes in binding buffer. Radiolabeled FKBP52 and FKBP52-K354A were prepared using pSPUTK derivatives containing FKBP52 or FKBP52-K354A as templates in a reticulocyte lysate-based in vitro transcription/translation system (SP6 TnT system, Promega). Equal amounts of each labeled protein, as quanti®ed by autoradiography of SDS±PAGE gels (~10 ml of lysate, which contains substantial amounts of endogenous Hsp90), were added to antibody±resin pellets and the total volume was adjusted to 100 ml with binding buffer. These reactions were incubated for 30 min at 30°C with vortexing at 5 min intervals. After washing three times in binding buffer supplemented with 10 mM monothioglycerol, the proteins were separated by SDS±PAGE. The gel was stained with Coomassie blue and exposed to X-ray ®lm.
Hormone induction assays
Yeast strains were grown in selective media at 25°C to an OD 600 of 0.05±0.12 units. Growth was monitored spectrophotometrically for at least 30 min before hormone addition to ensure that the culture was in exponential phase. Hormone (DOC, 25 nM ®nal concentration unless otherwise noted, or 17-b-estradiol) was added, and samples were withdrawn at 10 min intervals (typically 70±120 min after hormone addition) for b-galactosidase assays. Samples of 100 ml were immediately added to 100 ml of the chemiluminescent b-galactosidase assay reagent Gal-Screen Ô (Tropix, Bedford, MA) in 96-well microtiter plates at room temperature. The entire plate was read in a luminometer 2 h after the last sample was collected.
To determine the rate of reporter expression, b-galactosidase induction curves were ®rst generated by plotting RLU against the OD 600 of the culture sample (such as in Figure 1B ). Regression analysis of this linear portion of each dataset yielded a best-®t line (usually R 2 > 0.98) whose slope is the growth-rate-normalized rate of b-galactosidase expression. For convenience, the reporter expression rate is de®ned as the slope of the induction curve divided by 1000.
Western immunostains
To prepare whole cell extracts, washed yeast cell pellets were resuspended in cracking buffer (8 M urea, 5% (w/v) sodium dodecyl sulfate, 40 mM Tris±HCl pH 7.5, 0.1 mM EDTA, 0.04% (w/v) bromophenol blue) at a rate of 4 ml/g of cells. The cells were homogenized with glass beads in a Mini Bead Beater (Biospec Products, Bartlesville, OK). After heating, samples were centrifuged to remove insoluble material. Typically, a 5 ml volume of supernatant was loaded per gel lane. Mouse monoclonal antibodies used were anti-GR BuGR2 (Af®nity Bioreagents); anti-FKBP51 Hi51a, Hi51b and FF1; anti-FKBP52 Hi52c and Hi52d; anti-Hsp90 H90-10; and anti-L3 ribosomal subunit. Anti-PP5 is a rabbit polyclonal antibody.
